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GATA-3 Suppresses Th1 Development
by Downregulation of Stat4 and Not
through Effects on IL-12R2 Chain or T-bet
to an as yet incomplete picture. In this case, it is ac-
cepted that the IL-4/Stat6 signaling is important (Hsieh
et al., 1992; Kaplan et al., 1996a; Kopf et al., 1993; Seder
et al., 1992; Shimoda et al., 1996; Swain et al., 1990;
Takeda et al., 1996) particularly in relation to its ability
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National Institutes of Health to induce the key Th2 transcription factor, GATA-3
(Zhang et al., 1997; Zheng and Flavell, 1997). GATA-3 isBethesda, Maryland 20892
not only important for the transactivation of Th2 cytokine
genes but also for the suppression of Th1 development
through an IL-4-independent mechanism (Ferber et al.,Summary
1999; Ouyang et al., 1998). However, difficulties arise
in the understanding of how GATA-3 achieves theseTo further understand the interaction among GATA-3,
Stat4, and T-bet in helper T cell development, we first effects. The original notion that GATA-3 suppresses IL-
12R2 chain expression is not supported by the factshowed that retroviral expression of GATA-3 in devel-
oping Th1 cells suppresses Th1 development through that cells bearing a transgenic or retroviral IL-12R2
chain expression are still fully susceptible to Th2 devel-downregulation of Stat4 rather through downregula-
tion of the IL-12R2 chain. Correspondingly, Stat4 lev- opment both in vitro and in vivo (Heath et al., 2000;
Nishikomori et al., 2000, 2001). Collectively, these stud-els are greatly suppressed during physiological Th2
development. Then, using cells doubly infected with ies make it clear that further investigation of the molecu-
lar events involved in Th1/Th2 development requiresGFP- and YFP-expressing retroviruses, we showed that
retroviral GATA-3 expression in developing Th1 cells study of cells from IL-12R2 chain transgenic mice in
which the IL-12R2 chain expression is constitutive.does not block Th1 development in cells coexpressing
Stat4 but does so in cells coexpressing T-bet. Finally, In the present work, we resolve several of these issues
in studies that show that the main target of GATA-3 iswe showed that retroviral Stat4 expression could facil-
itate Th2→Th1 conversion in cells bearing an IL-12R2 Stat4 and not IL-12R2 chain, and that Stat4 downregu-
lation occurs during normal Th2 development. In addi-transgene, even in cells lacking T-bet. These findings
reassert that Stat4 signaling is a central element of tion, using a dual color reporter system we show that,
in developing Th1 cells, retroviral Stat4 expression inTh1/Th2 development.
combination with retroviral GATA-3 expression main-
tains Th1 development, but retroviral T-bet expressionIntroduction
in combination with retroviral GATA-3 expression leads
to Th2 development. Furthermore, retroviral mainte-Although much has been learned in recent years con-
cerning the molecular events governing Th1/Th2 devel- nance of both Stat4 and IL-12R2 chain expression in
T-bet-deficient CD4T cells allow these cells to undergoopment (Glimcher and Murphy, 2000; Murphy et al.,
2000), a number of important questions remain unre- Th1 development. These findings thus reassert IL-12/
Stat4 signaling as a controlling event in Th1/Th2 devel-solved. With regard to Th1 cells, the assumption that
the IL-12/Stat4 signaling plays a decisive role for Th1 opment.
development (Hsieh et al., 1993; Jacobson et al., 1995;
Kaplan et al., 1996b; Magram et al., 1996; Seder et al., Results
1993; Thierfelder et al., 1996; Wu et al., 2000) has been
challenged by the discovery that T-bet is another tran- Retroviral Expression of GATA-3 Suppresses IFN-
scription factor that is important in Th1 cell development. in Developing Th1 Cells that Express
In particular, it has been demonstrated that T-bet-defi- a Transgenic IL-12R2 Chain
cient mice have T cells that lack the ability to produce In initial studies, we explored the effect of retroviral
IFN-, and retroviral expression of T-bet in developing GATA-3 expression on developing Th1 cells from mice
and developed Th2 cells not only induces IFN- produc- bearing both IL-12R2 chain and OVA-TCR transgenes
tion but also suppresses IL-4 and IL-5 production (Szabo (double transgenic mice; OVA-D2), as well as in control
et al., 2000, 2002). Moreover, such effects of T-bet have cells from mice bearing only an OVA-TCR transgene
been shown to be independent of Stat4, since retroviral (single transgenic mice; OVA-WT). GATA-3 expression
expression of T-bet in developing Th2 cells derived from and function in the GATA3-GFP-retrovirus (GATA3-GRV)
Stat4-deficient mice is independent of Stat4 and is de- infected cells were confirmed by IL-4 production (Figure
pendent on IFN-/Stat1 signaling (Lighvani et al., 2001; 1A) and Western blot (Figure 5D). As shown in Figure
Mullen et al., 2001). On the basis of these data it is not 1A, lower panel, while retroviral expression of GATA-3
clear as to whether T-bet is upstream or downstream only slightly affected IL-12R2 chain expression in OVA-
of Stat4 or, in general, how each of these factors individ- D2 cells, it abolished such expression in OVA-WT cells.
ually contributes to Th1 development. In addition, GATA3-GRV-infected cells manifested dra-
Corresponding studies of Th2 development also lead matically lower IFN- expression (10-fold decrease)
even in OVA-D2 cells that bear and express an IL-12R2
chain transgene. Finally, while mock-GRV-infected OVA-*Correspondence: wstrober@niaid.nih.gov
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Figure 1. Retroviral GATA-3 Expression in Developing Th1 Cells Suppresses IFN- and Stat4, Even in Cells Bearing an IL-12R2 Chain
Transgene
(A) Naive CD4 T cells from OVA-WT and OVA-D2 mice were stimulated with OVA/APC and then infected by either mock-GRV or GATA3-GRV
retroviruses. These cells were cultured under Th1 conditions throughout the study. Intracellular cytokine staining and surface IL-12R2 chain
staining were performed on days 7 and 6, respectively. For intracellular cytokine staining the cells were restimulated with PMA/ionomycin.
The IL-12R2 chain analysis is presented as a single-color histogram of cells gated for GFP cells. The values in the upper panels represent
MFIs of GFP and GFP cells, and the values in the middle panels represent percentages of IL-4-positive cells in GFP and GFP cells. The
values in the lower panels represent subtracted MFIs of specific IL-12R2 chain staining from each control staining.
(B) GFP as well as GFP cells were sorted from the indicated cell populations in (A) and maintained in the presence of anti-IL-4 antibody
but in the absence of IL-12 for 12 hr; at this point 2 ng/ml of IL-12 was added and after 30 min the cells were harvested and lysed for Western
blot analysis. The blots were subsequently probed by anti-phosphorylated (Y693)-Stat4 mAb and then anti-Stat4 pAb and anti-actin pAb. The
lower panel shows another blot using the same lysates above but probed initially with anti-Stat4 pAb. Similar results were obtained in three
independent experiments.
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Figure 2. Effect of GATA-3 on Developing Th1 Cells Is Not Due to IL-4, IL-13, or Stat6
(A) Naive CD4 T cells from OVA-D2 mice were cultured under Th1 conditions for 2 days, and then recombinant IL-4 or IL-13 (20 ng/ml each)
was added to the cultures to simulate the effect of expression of GATA-3 by retrovirus. In addition, as a positive control of the effect of IL-4,
cells were cultured with IL-12 in the absence of anti-IL-4 antibody prior to the addition of IL-4. On day 7, these cells were restimulated by
PMA/ionomycin and subjected to intracellular cytokine staining for IFN-. The values in each panel present the peak channel and MFI of IFN-
staining; open histograms present isotype controls. These data are representative of results obtained from three independent experiments.
(B) Retroviral constructs used in this study (see Experimental Procedures).
(C) (Upper left and right panels) Surface expression of IL-12R2 chain in CD4 T cells which are infected by IL-12R2-YRV; CD4 T cells from
BALB/c mice were stimulated with anti-CD3/anti-CD28 and then stained with anti-IL-12R2 chain mAb. (Lower left panel) Naive CD4 T cell
from Stat6/ mice were stimulated by anti-CD3/anti-CD28 and then on day 1 coinfected by IL-12R2-YRV together with either mock-GRV
or GATA3-GRV. On day 7, GFP/YFP double-positive cells were sorted. Sorted cells were restimulated with anti-CD3 for another 48 hr at which
time IFN- was measured by ELISA (right panel). These data are representative of results obtained from two independent experiments.
D2 cells exhibited increased IFN- production (1.5- GATA3-GRV-infected cells was similar in both cell types.
Nevertheless, the IL-12R1 chain expression in thesefold increase) compared with mock-GRV-infected OVA-
WT cells, the relative degree of IFN- suppression in cells was similar and unchanged (data not shown).
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than that in infected cells not bearing this transgene,
the level was still far lower than baseline. We then re-
probed the same Western blot described above to deter-
mine the level of total cellular Stat4 protein and found
that it was strongly suppressed in both OVA-D2 and
OVA-WT cells. This finding was subsequently confirmed
in a separate Western blot analysis for Stat4 that was
performed under optimal conditions in which proteins
were loaded at 1 g/lane. In this study, it was shown
by densitometric analysis that Stat4 underwent a 10-
fold suppression (Figure 1B, lower panel) whereas both
Stat4 tyrosine phosphorylation and total cellular Stat4
protein levels in GFP cells were unchanged. Since the
GFP and GFP cells were present in the same culture
until the time they underwent cell sorting, this finding
provided initial evidence that the effect of GATA-3 was
not mediated by humoral factors such as Th2-specificFigure 3. Stat4 Protein Is Downregulated in Developing Th2 Cells
cytokines that can be induced by GATA-3 (see furtherat Both the Protein and mRNA Levels
studies below). Taken together, these data show that(A) Naive CD4 T cells from BALB/c mice were stimulated by anti-
the main target of GATA-3 is Stat4 itself.CD3/anti-CD28 under either Th1 or Th2 conditions, and after mainte-
nance for the time periods shown in the figure, whole lysates were
subjected to Western blot analysis for Stat4 and then for actin. Suppression of IFN- Production by GATA-3
Independently, lysates from twice-stimulated Th1 and Th2 cell lines in Developing Th1 Cells Is Not Mediated by IL-4derived from DO11.10 OVA-TCR transgenic mice were prepared 6
or IL-13 and Does Not Depend on Stat6days after the second stimulation (13 days after the first stimulation).
Using IL-4-deficient mice, Ouyang et al. (1998) and Fer-(B) Total RNAs were isolated from the same cells prepared in (A)
and subjected to real-time PCR analysis. Results were normalized ber et al. (1999) have already shown that the effect of
to HPRT abundance. Similar results were obtained in three other GATA-3 on developing Th1 cells is not mediated by IL-4.
independent experiments. However, they did not test the possibility that IL-13 may
mediate the GATA-3 effect. This is feasible because IL-
13 also utilizes Stat6 for signaling and mice deficient in
In these studies, a sufficient amount of anti-IL-4 anti- IL-13 exhibit a defective Th2 response (McKenzie et al.,
body (30 g/ml) had been added to the cultures to neu- 1998). Indeed, we detected large amounts of both IL-4
tralize endogenous IL-4 production since the appear- and IL-13 (up to 5–7 ng/ml, data not shown) in the super-
ance of IL-4-positive cells in a GFP population in natants from GATA3-GRV-infected CD4 T cells even un-
GATA3-GRV-infected cells was blocked at this antibody der Th1 conditions, and we again wished to show that
concentration. In addition, although small numbers of these cytokines do not mediate the GATA-3 effect dis-
IL-4-positive cells were in fact still present in the GATA3- cussed above. In these studies, we cultured naive CD4
GRV-infected GFP population, despite the addition of T cells from OVA-D2 mice under Th1 conditions (IL-12
a large amount of anti-IL-4 antibody, Ouyang et al. (1998) anti-IL-4 antibody) for 2 days and then added an excess
and Ferber et al. (1999) have already shown using IL-4- amount (20 ng/ml) of recombinant IL-4 or IL-13 to the
deficient mice that the suppression of IFN- by GATA-3 cultures to simulate the effect of retroviral expression
is not mediated by IL-4. Taken together, these data of GATA-3. In addition, as a positive control of the effect
provide clear evidence that suppression of IFN- pro- of IL-4, we cultured cells with IL-12 in the absence of
duction in developing Th1 cells expressing retroviral anti-IL-4 antibody prior to the addition of IL-4. As shown
GATA-3 does not depend on suppression of the IL- in Figure 2A, the addition of neither IL-4 nor IL-13
12R2 chain. changed the amount of IFN- produced by the OVA-D2
cells, whereas the addition of IL-4 in the absence of anti-
IL-4 antibody clearly shifted the peak of IFN- stainingRetroviral Expression of GATA-3 Suppresses both
Phosphorylated-Stat4 and Stat4 in Developing Th1 intensity toward a lower channel, without lessening the
MFI values. Thus, these data confirmed that anti-IL-4Cells that Express a Transgenic IL-12R2 Chain
We next determined whether the above suppressive ef- antibody effectively neutralizes exogenous IL-4 and also
that IL-13 does not have any effect on IFN- productionfect of GATA-3 on Th1 development is exerted down-
stream of the IL-12R2 chain, namely, at the level of in this system. We next performed a similar experiment
using Stat6-deficient mice. In this case, we first con-Stat4 itself. In these studies we sorted OVA-stimulated
OVA-D2 and OVA-WT T cell lines by their GATA-3-GFP structed the IL-12R2-IRES-YFP-RV (IL-12R2-YRV)
retroviral vector shown in Figure 2B and then verifiedexpression and then performed Western blots on ex-
tracts of the sorted cells to detect both phosphorylated its expression by flow cytometry (Figure 2C, top left
panel). We then coinfected naive CD4 T cells fromStat4 and Stat4 protein. As shown in Figure 1B, GATA-3
expression by retrovirus was associated with greatly Stat6-deficient mice with IL-12R2-YRV and either
mock-GRV or GATA3-GRV and sorted the doubly in-reduced amounts of tyrosine phosphorylated Stat4 in
both OVA-D2 and OVA-WT cells. Although the phos- fected cells expressing both retroviral GATA-3 and IL-
12R2 chain (GFP/YFP cells) (Figure 2C, bottom leftphorylated Stat4 level was slightly higher in GATA3-
GRV-infected cells bearing an IL-12R2 chain transgene panel). Finally, we restimulated these cell lines with anti-
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Figure 4. Retroviral T-bet Expression and Function in CD4 T Cells
(A) Total RNAs were isolated from the cells that were used in Figure 2B and subjected to real-time PCR analysis for T-bet mRNA titration.
(B) T-bet Western blot analysis of cells infected with T-bet expressing retrovirus (T-bet-GRV). CD4 T cells from BALB/c mice were stimulated
and then infected by T-bet-GRV or control mock-GRV. On day 7, GFP cells were sorted, lysed, and subjected to Western blot analysis.
(C) An established Th2 cell line was prepared using naive CD4 T cells from DO11.10 OVA-TCR transgenic mice by three times stimulation
under Th2 conditions. The cells obtained were then restimulated and infected by T-bet-expressing retrovirus (T-bet-GRV) or control virus
(mock-GRV). Seven days after the last stimulation, the cells were restimulated by PMA/ionomycin and subjected to intracellular cytokine
staining to detect IL-4 and IFN-.
(D) Developing and established Th1 and Th2 cell lines were prepared as described in the Experimental Procedures. These cells were infected
by a T-bet-expressing retrovirus (T-bet-GRV) or a control retrovirus (mock-GRV). Five days after infection, GFP cells were sorted, and total
RNAs were isolated and subjected to real-time PCR analysis. Similar results were obtained in three independent experiments.
CD3 for 48 hr and measured resulting levels of IFN- by and IL-12R2 chain) exhibited greatly reduced IFN-
production as compared to cells expressing the IL-ELISA. As shown in Figure 2C, right panel, the sorted
GFP/YFP cells (expressing both retroviral GATA-3 12R2 chain alone. Thus, Stat6 is not necessary for the
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Figure 5. Effect of Double Retroviral Infection Leading to GATA-3/Stat4 and GATA-3/T-bet Coexpression on Th1 Development
(A) Naive CD4 T cells from OVA-D2 mice were stimulated by anti-CD3/anti-CD28 under Th1 conditions (IL-12  anti-IL-4) and then coinfected
by mock-GRV together with mock-YRV or GATA3-GRV together with either mock-YRV, Stat4-YRV, or T-bet-YRV. On day 6, GFP/YFP double-
positive cells were sorted as shown in the upper panels and then restimulated by either anti-CD3 (for IFN- and IL-4) or IL-12 (for IFN-) for
another 48 hr, and then IFN- and IL-4 were measured by ELISA (lower panels).
(B) The sorted cells used in (A) were lysed to perform Western blot. The same membrane was reprobed sequentially by anti-Stat4, T-bet,
GATA-3, and actin antibodies.
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suppressor effect of GATA-3 on IFN- production in compared to mock-GRV-infected cells. In addition, as
indicated in Figure 5B, we also examined the same pos-developing Th1 cells. Taken together with previous re-
sults shown in Figure 1, these data strongly suggest that sibility using cells which were doubly infected with
GATA-3- and T-bet-expressing retroviruses under Th1GATA-3 suppresses Stat4 by a cell-intrinsic mechanism
rather than by the induction of Th2 cytokines. conditions and found that retroviral T-bet expression
again failed to induce Stat4 expression. These results
indicate that T-bet does not induce Stat4, and thereforeStat4 Protein and mRNA Are Downregulated
during Normal Th2 Development it is unlikely that GATA-3 acts indirectly on Stat4 by
downregulation of T-bet.To determine whether the results of the above studies
in which retroviral GATA-3 is expressed in cells correlate
with the natural kinetics of Stat4 expression in develop- Stat4-GRV Coinfection but Not T-bet-GRV Coinfection
with GATA3-GRV Completely Restoresing Th2 cells, we next examined the kinetics of Stat4
mRNA and protein levels in CD4 T cells that were main- IFN- Production
To obtain more direct evidence relating to the contribu-tained under either Th1 or Th2 conditions in vitro. As
shown in Figure 3A, Stat4 protein levels in developing tion of Stat4 and T-bet downregulation to GATA-3-medi-
ated IFN- suppression in developing Th1 cells, we per-Th2 cells were strongly downregulated by day 3.5, and
this downregulation was persistent during Th2 develop- formed studies of cells infected with two retroviruses:
Stat4 and GATA-3 or T-bet and GATA-3. To accomplishment but was only slightly upregulated during Th1 devel-
opment over this time period. The same findings were this, Stat4- and T-bet-expressing retroviral vectors were
linked to EYFP reporters (Stat4-YRV and T-bet-YRV, re-confirmed using more differentiated Th1 and Th2 cell
lines (i.e., day 13 cells that had been stimulated twice spectively) as shown in Figure 2B, thus allowing us to
sort GFP/YFP double-positive cells that express twounder Th1 or Th2 conditions). In this case, densitometric
analysis of the Western blots showed that a 13-fold gene products simultaneously and in about equal pro-
portions. In initial studies, naive CD4 T cells from OVA-reduction in Stat4 protein levels had occurred. As shown
in Figure 3B, we also confirmed significant downregula- D2 mice were stimulated with anti-CD3/anti-CD28 and
maintained under Th1 conditions (IL-12  anti-IL-4tion of Stat4 mRNA by day 3.5. These data thus demon-
strate that downregulation of Stat4 occurs during normal mAb), and then coinfected with mock-GRV and mock-
YRV, or GATA3-GRV and mock-YRV, Stat4-YRV, orTh2 development at both the mRNA and protein levels.
T-bet-YRV on day 1. On day 6, the cells were sorted
into GFP/YFP populations to obtain doubly infectedSuppression of IFN- by GATA-3 in Developing Th1
Cells Is Associated with the Downregulation cells (Figure 5A, upper panels) and then restimulated
with anti-CD3 or IL-12 for another 48 hr to measureof T-bet, but T-bet Cannot Induce Stat4
As shown in Figure 4A, real-time PCR on mRNA obtained IFN- by ELISA. As shown in Figure 5A, lower panels,
GATA3-GRV plus mock-YRV-coinfected cells exhibitedfrom sorted GFP cells infected with GATA3-GRV
showed strong suppression of T-bet mRNA levels in greatly reduced IFN-production as compared to mock-
GRV- plus mock-YRV-coinfected cells under these re-both developing OVA-WT and OVA-D2 Th1 cells. How-
ever, this result does not necessarily imply that GATA-3 stimulation conditions. In addition, whereas cells coin-
fected with GATA3-GRV and Stat4-YRV maintaineddownregulates Stat4 indirectly via T-bet because it has
been shown that T-bet induction is dependent on IFN- IFN- production, cells coinfected with GATA3-GRV and
T-bet-YRV manifested strong suppression of IFN- pro-acting via Stat1 signaling (Afkarian et al., 2002; Lighvani
et al., 2001) and thus downregulation of Stat4 signaling duction. Concomitant measurement of IL-4 in cells re-
stimulated with anti-CD3 disclosed, as expected, thatcan also lead to downregulation of T-bet via decreased
IFN- production. To explore this latter possibility, we retroviral GATA-3 expression induced IL-4 production
even in cells that coexpress Stat4 or T-bet retroviruses,next determined whether retroviral T-bet expression
leads to induction of Stat4. For this study, we first pre- although less so in the latter case. The existence of
retrovirally expressed T-bet protein in cells which coex-pared a T-bet retroviral vector (Figure 2B) and confirmed
its ability to express T-bet protein in developing Th2 press retroviral GATA-3 was confirmed by Western blot
(Figure 5B). Taken together, these data clearly supportcells (Figure 4B); in addition, we also confirmed that
retroviral expression of T-bet could induce IFN- pro- the hypothesis that GATA-3 suppresses IFN- produc-
tion by downregulation of Stat4 and not by downregula-duction and suppress IL-4 in an established Th2 line
(Figure 4C), as previously reported. As shown in Figure tion T-bet.
In an additional study to determine the effects of the4D, although both established Th2 cells and developing
Th2 cells that were infected with T-bet-GFP-RV (T-bet- transgenic IL-12R2 chain expression on IFN- produc-
tion, naive CD4 T cells from OVA-WT as well as OVA-D2GRV) expressed large amounts of T-bet (about 6-fold
higher than uninfected established Th1 cells), these cells mice were stimulated with OVA/APCs under conditions
identical to those described above. As shown in Figuredo not exhibit an increase in Stat4 mRNA expression
(C) Naive CD4 T cells from both OVA-WT and OVA-D2 mice were stimulated by OVA/APCs under Th1 conditions (IL-12  anti-IL-4) and then
infected by retroviruses as in (A). On day 6, GFP/YFP double-positive as well as GFP single-positive cells were sorted as shown in the upper
panels and then restimulated by IL-12 for another 48 hr and subjected to ELISA for IFN-.
(D) Stat4 protein expression by Stat4-expressing retrovirus. CD4 T cells from BALB/c mice were stimulated and infected by mock-GRV or
Stat4-GRV under either Th1 or Th2 conditions. On day 7, GFP cells were sorted and lysed to perform Western blot for Stat4 and actin.
Immunity
422
Figure 6. Effect of Retroviral Stat4 Expres-
sion on IL-12-Induced Conversion of Th2
Cells into Th1 Cells
(A) Naive CD4 T cells from OVA-WT and
OVA-D2 mice were stimulated by OVA/APCs
under Th2 conditions for 4 days. Twenty-four
hours after stimulation, the cells were in-
fected with mock-GRV or Stat4-GRV. On day
4, the cells were washed extensively and then
maintained under Th1 conditions (IL-12 and
anti-IL-4) for another 3 days. Finally, the cells
were restimulated by PMA/ionomycin and
subjected to intracellular cytokine staining for
IL-4 and IFN-.
(B) The same cells used in (A) were stained
by anti-mouse IL-12R2 chain mAb and ana-
lyzed by flow cytometry. The data shown rep-
resent MFI values for cells gated to both GFP-
positive and -negative populations. MFIs of
background staining (isotype control) are 4.4–
6.8 for all samples. Similar results were ob-
tained in three independent experiments.
5C, IFN- production induced by IL-12 restimulation us- Maintenance of Stat4 Expression Allows Cells
to Produce IFN- in Developing Th2 Cellsing cells from OVA-WT mice was similar to cells from
OVA-D2 mice despite the fact that the former cells will To explore the relative effects of Stat4 and IL-12R2
chain on IL-12-dependent Th1 development in the con-lose expression of the IL-12R2 chain upon infection
with GATA-3 retrovirus. This suggests that coinfection of text of physiological GATA-3 levels, we next determined
the ability of Stat4 retrovirus infection to convert devel-developing Th1 cells with Stat4- and GATA-3-expressing
retroviruses completely blocks the effect of GATA-3 and oping Th2 cells into Th1 cells. In this case, naive CD4
OVA-WT and OVA-D2 T cells were stimulated with OVA/leads to fully restored IFN- production even in cells
with limited IL-12R2 chain expression (OVA-WT cells). APCs under Th2 conditions (IL-4  200 unit/ml  anti-
IFN- mAb  10 g/ml  anti-IL-12 mAb  3 g/ml),Finally, we checked the level of retrovirally expressed
Stat4 by Western blot and showed by densitometry that and infected with mock-GRV or Stat4-GRV on day 1.
Then on day 4, the cells were washed extensively andthe level was comparable (130%) to that in Th1 cells
infected with mock-GRV (Figure 5D); this suggested that then maintained under Th1 conditions (IL-12 and anti-
IL-4 mAb) for another 3 days, after which intracellularthe effects of retroviral Stat4 expression are applicable
to physiological Th1/Th2 development. cytokine staining was performed. As shown in Figure
GATA-3 Induces Stat4 Downregulation
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6A, first panel, in cells from OVA-WT mice the addition T cells from T-bet/ mice stimulated under Th2 condi-
tions and then infected with both a Stat4-expressingof IL-12 did not result in the appearance of IFN--pro-
ducing cells. This showed that only 4 days of polarization and an IL-12R2 chain-expressing retrovirus did convert
to a Th1 phenotype, i.e., the T cells did produce substan-under Th2 conditions was enough to fix CD4 cells in
a Th2 phenotype. In addition, as shown in Figure 6A, tial amounts of IFN- following restimulation under Th1
conditions. This result indicates that the Stat4 effectthird panel, in cells from OVA-D2 mice bearing a trans-
genic IL-12R2 chain, a small proportion of cells (11%) seen in the previous studies is not due to the presence
of small amounts of T-bet and that Stat4 itself can induceexpressed IFN-, indicating that in the presence of the
transgenic IL-12R2 chain, some level of IL-12/Stat4 IFN- production in the absence of T-bet. It should be
noted that the infection with Stat4 and IL-12R2 chainsignaling was induced. In contrast, as shown in Figure
6A, second panel, provision of Stat4 to OVA-WT cells expressing retroviruses was necessary to achieve this
effect because T-bet/ cells express little or no IL-by Stat4-GRV infection led to a larger shift toward to
the Th1 phenotype, and the percentage of IFN--posi- 12R2 chain under Th2 conditions (data not shown).
Finally, we also performed the same Th2→Th1 conver-tive cells reached 32.6%, almost three times greater
than that of the mock-GRV-infected OVA-D2 cells. In sion study in wild-type cells using a T-bet-expressing
retrovirus to compare the activity of the latter with thataddition, as shown in Figure 6A, bottom panel, Stat4-
GRV infection of cells bearing a transgenic IL-12R2 of a Stat4-expressing retrovirus. As shown in Figure 7C,
retroviral T-bet expression could induce IFN- (albeit atchain led to a massive shift toward the Th1 phenotype,
and the percentage of IFN- positive cells reached 84%. a relatively low level) and suppress IL-4 even in the
absence of IL-12 (although the efficiency of IL-4 sup-These results indicate that maintenance of Stat4 expres-
sion together with IL-12 signaling can lead to Th1 devel- pression was greater when IL-12 was present). These
data reiterate the findings shown in Figure 4 and pre-opment in the face of physiologic GATA-3 expression.
Finally, as shown in Figure 6B, there was a small but viously by Szabo et al. (2000) that T-bet can induce
IFN- production in the absence of IL-12 signaling andsignificant IL-12R2 chain expression in Stat4-GRV-
infected OVA-WT cells exposed to IL-12, suggesting probably can block the effect of GATA-3.
that IL-12/Stat4 signaling itself may be able to maintain
some level of IL-12R2 chain expression. Since the lev- Discussion
els of IL-12R2 chain expression in these cells were
minimal and similar before changing to Th1 conditions In the present study, we have shown that downregula-
(data not shown), these data again support the view tion of Stat4 is an important event in Th2 development.
that downregulation of Stat4 is more important than The key findings were that while the presence of a trans-
downregulation of the IL-12R2 chain in developing Th2 gene-expressing IL-12R2 chain (that cannot be down-
cells. regulated) does not block redirection of a developing
Th1 cell into the Th2 pathway by retroviral expression
of GATA-3, retroviral coexpression of Stat4 and GATA-3T-bet/ CD4 Cells Can Produce IFN- If Both
IL-12R2 Chain and Stat4 Are Maintained in the same cell does block such redirection. These
findings are corroborated by the fact that the downregu-It can be argued that the maintenance of Th1 develop-
ment by retroviral Stat4 expression in the face of retrovi- lation of Stat4 occurs during normal Th2 development,
as shown here by direct measurement and by a microar-ral GATA-3 expression shown in Figure 5 or the conver-
sion of initially polarized Th2 cells into IFN--producing ray study reported previously (Chtanova et al., 2001).
Thus, as indicated in the diagrams depicted in Figurecells by retroviral Stat4 expression depicted in Figure 6
could be due to the induction of T-bet by IL-12/Stat4 7C, Stat4 must be downregulated by GATA-3 if Th2
development is to proceed. These results explain oursignaling via IFN-/Stat1. To explore this question, we
first measured T-bet mRNA in cells coinfected with previous studies showing that the cells bearing an IL-
12R2 chain transgene exhibit normal Th2 responsesStat4-YRV and GATA3-GRV under Th1 conditions (using
cells described in Figure 5A) as well as in cells infected even when stimulated in the presence of IL-12 together
with IL-4, and the presence of this transgene does notwith Stat4-GRV undergoing Th2→Th1 conversion (using
cells described in Figure 6A). As shown in Figure 7A, change the susceptibility of BALB/c mice to Leishmania
major infection. In addition, they also explain the find-while Th1 cells coinfected with GATA3-GRV and Stat4-
YRV had clearly higher amounts of T-bet mRNA (approx- ings of Wirtz et al. who showed that Stat4-transgenic
mice exhibit enhanced Th1 responses associated withimately seven times) compared with cells coinfected
with GATA3-GRV and control-YFP, these T-bet levels an increased tendency to develop a Th1-driven colitis
(Wirtz et al., 1999). The mechanism by which GATA-3were far lower than the level in GATA3-GRV and T-bet-
YRV coinfected cells. We also observed clearly upregu- suppresses Stat4 is still unknown. One possibility is that
GATA-3 acts directly on the Stat4 promoter as a negativelated T-bet mRNA in both OVA-WT and OVA-D2 cells
undergoing Th2→Th1 conversion which were infected trans-factor. However, posttranscriptional and post-
translational mechanisms of negative regulation mustwith Stat4-GRV (7-fold) compared with mock-GRV-
infected cells. These observations led us to consider the also be considered since we noted that Stat4 protein
was more suppressed at the protein level than at thepossibility that the Stat4-induced Th2→Th1 conversion
was in fact due to the presence of a small amount of mRNA level during Th2 development.
The necessity for Stat4 downregulation during Th2T-bet and thus to perform the conversion study with
cells from T-bet/ mice. As shown in Figure 7B, CD4 development raises questions concerning the role of
Immunity
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Figure 7. T-bet/ CD4 Cells Can Produce IFN- If Both IL-12R2 Chain and Stat4 Are Maintained
(A) Total RNAs were isolated from cells similar to those used in Figures 5A (upper panel) and 6A (lower panel) and subjected to real-time PCR
analysis for T-bet mRNA titration (see Experimental Procedures). Similar results were obtained in two other independent experiments.
(B) Naive CD4 T cells from T-bet/ mice were stimulated by anti-CD3  anti-CD28 under Th2 conditions for 4 days. Twenty-four hours after
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Stat4 in IFN- gene transcription. Given the fact that the development and produce only low amounts of IFN-.
These seemingly discordant results can be explained ifIFN- promoter has several potential Stat4 binding sites,
one possibility is that Stat4 is itself an important tran- we assume that when T-bet can block GATA-3 expres-
sion and/or function (as in physiological Th2 cells withscription factor for the IFN- gene. Thus, while studies
of the effect of Stat4 on IFN- promoter using reporter endogenous GATA-3) it redirects Th2 cells to Th1 devel-
opment; in contrast, when it cannot block GATA-3 ex-genes do not support this possibility, it is still conceiv-
able that Stat4 acts in conjunction with other transcrip- pression and/or function (as in cells containing a
GATA-3-expressing retrovirus), it cannot prevent redi-tion factors to activate IFN- gene transcription, i.e.,
that it is a necessary but not sufficient factor for such rection of cells to Th2 development. Second, in the
Th2→Th1 conversion studies we showed that infectiontranscription. Other proteins that have been implicated
in IFN- transcription are Gadd- or NF-B-family pro- of cells with a retrovirus expressing Stat4 led to cells
expressing substantial amounts of IFN- along withteins (Murphy and Reiner, 2002). Another possibility is
that the role of Stat4 is to induce high levels of T-bet lesser amounts of IL-4, the latter in cells bearing a trans-
genic IL-12R2 chain that can be expected to facilitatevia IFN--mediated Stat1 signaling and T-bet rather than
Stat4 is the primary transcription factor for the IFN- IL-12 signaling. Furthermore, such Stat4-mediated
Th2→Th1 conversion also occurred in T-bet/ cellsgene. However, this possibility does not fit with our dem-
onstration that IFN- transcription can be induced in when both Stat4 and IL-12R2 chain were maintained
by retroviruses (the latter being necessary becauseT-bet/ cells during Th2→Th1 conversion by infecting
the cells with a Stat4 and IL-12R2 chain expressing T-bet/ cells have little or no IL-12R2 chain expres-
sion; see further discussion below). These results areretroviruses. An alternative role for T-bet in IFN- tran-
scription is suggested by a recent study showing that best explained if one assumes that retroviral expression
of Stat4 in cells undergoing Th2→Th1 conversion canT-bet, possibly in conjunction with Hlx, acts as a tran-
scriptional potentiator by rendering the IFN- promoter promote IFN- production even in the face of high initial
GATA-3 levels, although under physiologic conditionsaccessible to transcription (Mullen et al., 2002). A final
possibility is that Stat4 acts mainly as a growth factor GATA-3 would have to be blocked by T-bet to prevent
it from downregulation of Stat4. The fact that infectionfor Th1 cells and that Stat4 signaling may have an effect
on the outgrowth of Th1 cells producing IFN- (induced with a Stat4 retrovirus also leads to downregulation of
IL-4 in these studies can be attributed to the smallby other factors) (Mullen et al., 2001). However, in stud-
ies shown here, induction of IFN- by retroviral expres- amount of T-bet induced by IFN- via Stat1 signaling.
Indeed, such IL-4 downregulation is more prominent insion of Stat4 during Th2→Th1 conversion studies occurs
72 hr after addition of IL-12, and, in studies not shown cells infected with a T-bet retrovirus, probably because
our retroviral T-bet expression system always leads tohere, it can occur in just 24 hr after the addition of IL-
12. This suggests that IL-12/Stat4 signaling can induce five to ten times higher expression of T-bet than normal
Th1 cells. Finally, it should be noted that during normalIFN- gene expression directly rather than by affecting
selective outgrowth of Th1 cell. Regardless of the pre- helper T cell differentiation TCR stimulation is accompa-
nied by rapid activation of the IL-4/Stat6/GATA-3 path-cise mechanism of Stat4 induction of IFN- gene, it
should be borne in mind that our studies as well as way and the somewhat slower activation of the IL-12/
Stat4 pathway (Grogan et al., 2001). Thus, persistent IL-many others support the concept that Stat4 activation is
essential to physiological Th1 development; conversely, 12-driven Stat4 activation and the subsequent induction
of high levels of T-bet is necessary to overcome thesuch development in the absence of Stat4 is either of
minor significance or unphysiological. GATA-3 effect on Stat4 as well as IL-12R2 chain ex-
pression and to prevent the development of Th2 cells.If, as implied above, T-bet does not play a major role
as an IFN- transcription factor in physiological condi- In this respect, in physiological situations, both Stat4
and T-bet have to work in tandem to prevent Th2 differ-tions, how does this factor interact with Stat4 and/or
GATA-3 to regulate helper T cell differentiation? As again entiation and to facilitate a Th1 response.
The hypothesis that the main function of T-bet duringdepicted in the diagrams shown in Figure 7C, we hypoth-
esize that the main function of T-bet in this context is helper T cell development is to suppress or block
GATA-3 can also account for the fact that T-bet/ miceto block GATA-3 function either by affecting GATA-3
expression or by directly or indirectly opposing GATA-3 are severely impaired in their ability to produce IFN-.
Here we would posit that CD4 T cells from T-bet/activity. Certain portions of the data reported here sup-
port this hypothesis. First, we showed that while Th2 mice will invariably exhibit upregulated GATA-3 levels as
a result of natural encounter with environmental antigencells cells infected with a T-bet-expressing retrovirus
produces IFN-, Th1 cells coinfected with both GATA-3- stimulation due to unfettered IL-4/Stat6 signaling and
no countervailing T-bet effects. Since the high GATA-3and T-bet-expressing retroviruses are redirected to Th2
stimulation, the cells were infected with mock-GRV or Stat4-GRV or both IL-12R2-YRV and Stat4-GRV (double infection). On day 4, the cells
were washed extensively and then maintained under Th1 conditions (IL-12 and anti-IL-4) for another 3 days. Finally, the cells were restimulated
by PMA/ionomycin and subjected to intracellular cytokine staining for IL-4 and IFN-.
(C) Naive CD4 T cells from OVA-WT mice were stimulated by OVA/APCs under Th2 conditions for 4 days. Twenty-four hours after stimulation,
the cells were infected with mock-GRV or T-bet-GRV. On day 4, the cells were washed extensively and then maintained under Th1 conditions
(IL-12 and anti-IL-4) for another 3 days. Finally, the cells were restimulated by PMA/ionomycin and subjected to intracellular cytokine staining
for IL-4 and IFN-.
(D) Schemas for molecular interactions that govern T cell development (see Discussion).
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20 g/ml) or Th2 (IL-4, 200 unit/ml  anti-IFN-, 10 g/ml  anti-levels preclude adequate Stat4 expression, these cells
IL-12, 3 g/ml) conditions. The cell lines obtained were expandedwill exhibit seemingly defective IL-12 signaling and low
with human IL-2 (50 U/ml) as well as cytokines and antibodies atIFN- responses. This hypothesis also explains why
72 hr after stimulation. To prepare established Th1 or Th2 lines, this
T-bet/ (heterozygous) mice have a phenotype that is cycle was repeated three to five times. In the case of BALB/c- and
similar to the T-bet/ mice in that they also produce Stat6-deficient mice, naive CD4 T cells were stimulated with anti-
CD3 (5 g/ml) and anti-CD28 (1 g/ml). These cell lines were main-high amounts of IL-4 even under Th1 priming conditions
tained in RPMI 1640 (Invitrogen) complete medium as described(Szabo et al., 2002). This can result from the fact that
previously (Usui et al., 1997).the heterozygous mice again have reduced T-bet ex-
pression and upregulated GATA-3 levels that mandate
Retroviral ConstructionTh2 development.
pBMN-IRES-EGFP retrovirus vector (gift of Dr. G. Nolan, StanfordA final question to consider is the relation of Stat4
University) were used as a starting point for the construction of
expression to the maintenance of IL-12R2 chain ex- retroviral vectors. A pBMN-IRES-EYFP retrovirus vector was created
pression. We found that in Th2→Th1 conversion studies by first isolating the EYFP gene from a pIRES-EYFP plasmid (Clon-
tech) by PCR (sense, 5	-TCGCCACCATGGTGAGCAAGGGC; anti-infection with a Stat4 retrovirus led to higher levels of
sense, 5	-GCGTCGACTTACTTGTACAGCTCGTCC), and then in-IL-12R2 chain expression as compared to uninfected
serting this gene into pBMN-IRES-EGFP in place of EGFP using thecells. This suggests that Stat4 itself contributes to IL-
NcoI and SalI sites. The cDNA of murine GATA-3 and Stat4 were12R2 chain expression and the latter’s downregulation
gifts from Dr. J.D. Engel (Northwestern University) and Dr. J. O’Shea
during Th2 development is, at least in part, a secondary (NIAMS/NIH), respectively, and inserted into pBMN-IRES-GFP and/
effect of GATA-3 on the downregulation of Stat4. One or pBMN-IRES-EYFP using the EcoRI and BamHI sites, respectively.
Murine T-bet cDNA was cloned by RT-PCR (SuperScript II, In-caveat to this possibility is the fact that Afkarian et al.
vitrogen, and Pfu Turbo, Stratagene) using two pairs of primers. For(2002) have shown that in Th2 cells T-bet can induce
cloning of the first half of T-bet cDNA, 5	-GAGAATTCACGGCTGCTIL-12R2 chain and the effect of Stat4 noted above is
GGAAGGCGCCAG-3	 and 5	-TGGACATATAAGCGGTTCCC-3	weresecondary to its indirect induction of T-bet. We have
used, and for the last half, 5	-GCGGCAAGTGGGTGCAGTG-3	 and
noted T-bet induction of IL-12R2 chain expression in 5	-GAGCGGCCGCGTGGGCACCTTCCAATTCAG-3	 were used.
Th2 cells but have not seen this in developing Th1 cells These two gene fragments were first cloned into pCR2.1 TA cloning
plasmid (Invitrogen) and then fused using the SphI site. The com-or in established Th2 cells (data not shown). Thus, it
plete cDNA was confirmed by sequencing and then inserted intoremains possible that the T-bet effect is an indirect one
pBMN-IRES-GFP and pBMN-IRES-EYFP vectors using the EcoRIon GATA-3 (and, in turn, on Stat4).
and NotI sites. The cDNA of murine IL-12R2 chain was kindly
provided by Dr. U. Gubler (Presky et al., 1996) and inserted usingExperimental Procedures
the EcoRI and NotI sites.
Reagents
Human recombinant IL-2 and anti-mouse IL-4 (11B11) antibody were Retroviral Gene Transfer
Retroviral transfection and infections were performed as describedobtained from NCI/NIH. Murine recombinant IL-12, IL-4, IL-13, anti-
mouse IL-12, and anti-mouse IFN- antibody were purchased from previously (Nishikomori et al., 2000). For retroviral double infection,
two separate viral supernatants were prepared independently, andR&D Systems. OVA peptide (323-339) was purchased from American
Peptide Company, Inc. Biotinylated anti mouse IL-12R1 chain on day 1 infection was performed using a 1:1 mixture of the viral
supernatants, and then on day 2, the same infection cycle wasmonoclonal antibody was provided by Dr. C.Y. Wu (VRC/NIAID/
NIH), and anti-mouse IL-12R2 chain monoclonal antibody (PDL- repeated. On day 3, cells were expanded with media containing
human IL-2 (50 U/ml) and additional cytokines and antibodies asHAM10B9) was prepared as previously described (Nishikomori et
al., 2000). described above.
Mice ELISA
C57BL/6 mice expressing CD2-driven transgenic IL-12R2 chain ELISA for IFN- was performed using the OptEIA Mouse IFN- Set
were created as described previously (Nishikomori et al., 2000). The (Pharmingen) according to the manufacturer’s protocol. Color devel-
mouse that had highest IL-12R2 chain protein expression was opments were performed by TMB Microwell (BioFX Lab.), and ab-
backcrossed to BALB/c mice (NCI/NIH) six to eight times, and these sorbance was measured by a DYNATECH 5000 plate reader and
were then maintained as heterozygous mice; they were named “D2” analyzed by the Revelation software (Dynatech Lab.).
mice. To use an antigen-specific in vitro stimulation system, the D2
mice were crossed to DO11.10 OVA-TCR transgenic mice (homozy-
Intracellular Cytokine Staininggous; Taconic), and the OVA-TCR heterozygous offspring were
Intracellular cytokine staining was performed as previously de-screened by PCR to identify mice bearing or not bearing the IL-
scribed (Nishikomori et al., 2000). APC- or biotin-conjugated anti-12R2 chain transgene, i.e., double transgenic mice (OVA-D2) and
mouse IFN- and PE-conjugated anti-mouse IL-4 (Pharmingen) weresingle transgenic mice (OVA-WT). The primer sequences used were
used to detect IFN- and IL-4, respectively. For indirect staining for5	-GCATACGTTCACGTTCTTGG-3	 and 5	-CAGAAGCGCCTTTTGA
biotin-conjugated IFN-, streptavidin-Cy-Chrome (Pharmingen) wasGTTG-3	. T-bet/ mice were kindly provided by Dr. H.A. Young
added at 0.6 mg/ml final concentration with staining buffer. As nega-(NCI/NIH) and were originally from Dr. L. Glimcher (Harvard, Boston,
tive controls, directly labeled and biotin-conjugated isotype-MA). Stat6/ mice of BALB/c background were purchased from
matched monoclonal antibodies (Pharmingen) were used.Jackson Laboratories.
Cell Culture Western Blot Analysis
Protein extraction and Western blot analysis were performed by aSplenocytes from OVA-WT and OVA-D2 mice were isolated and
stained with PE-conjugated anti-CD4 and FITC-conjugated anti- standard method (Usui et al., 1997). The blots were incubated with
anti-phosphorylated (Y693)-Stat4 (Zymed Laboratories, Inc.), anti-CD62L (Pharmingen), and the CD4CD62Lhigh cells were purified by
FACS-Vantage SE by a NIAID Flow Cytometry Unit. The isolated Stat4 (C-20), T-bet (C-19), GATA-3 (HG3-31), or actin (I-19) polyclonal
or monoclonal antibodies (Santa Cruz Biotechnology, Inc.), and sub-naive CD4 T cells (96% CD4CD62Lhigh; 0.25 
 106/24 well) were
stimulated with 0.3 M OVA323-339 peptide in the presence of 5 
 106 sequently incubated with HRP-conjugated anti-rabbit or goat or
mouse IgG (Zymed Laboratories, Inc.) in TBS containing 5% nonfatT cell-depleted BALB/c splenocytes that had been irradiated at 30
Gy, and then cultured under either Th1 (IL-12, 2 ng/ml  anti-IL-4, dry milk and 0.05% Tween 20. The final reaction was developed
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with a chemiluminescent system (Pierce). For reprobing, Restore Hsieh, C.S., Macatonia, S.E., Tripp, C.S., Wolf, S.F., O’Garra, A., and
Murphy, K.M. (1993). Development of TH1 CD4 T cells through IL-Western Blot Stripping Buffer (Pierce) was used for stripping.
12 produced by Listeria-induced macrophages. Science 260,
547–549.Real-Time PCR Analysis
Total RNA was isolated with a STAT60 RNA isolation kit (Tel-Test, Jacobson, N.G., Szabo, S.J., Weber-Nordt, R.M., Zhong, Z.,
Inc.) using the manufacturer’s protocol and then treated with RQ1 Schreiber, R.D., Darnell, J.E., Jr., and Murphy, K.M. (1995). Interleu-
RNase free DNase (Promega). Reverse transcriptase reactions were kin 12 signaling in T helper type 1 (Th1) cells involves tyrosine phos-
performed with SuperScript II (Invitrogen) using oligo-(dT)15 primer phorylation of signal transducer and activator of transcription (Stat)3
(Promega). Real-time PCR was performed using ABI Prism 7700 and Stat4. J. Exp. Med. 181, 1755–1762.
Sequence BioDetector (PE Biosystems) with primer pairs that con-
Kaplan, M.H., Schindler, U., Smiley, S.T., and Grusby, M.J. (1996a).tain intron-exon junction sequence and with TaqMan probes (Perkin
Stat6 is required for mediating responses to IL-4 and for develop-Elmer). The sequences that were used in this study were: HPRT
ment of Th2 cells. Immunity 4, 313–319.(sense primer, 5	-CTGGTGAAAAGGACCTCTCG-3	; anti-sense pri-
Kaplan, M.H., Sun, Y.L., Hoey, T., and Grusby, M.J. (1996b). Impairedmer, 5	-TGAAGTACTCATTATAGTCAAGGGCA-3	; probe, 5	-FAM-TGT
IL-12 responses and enhanced development of Th2 cells in Stat4-TGGATACAGGCCAGACTTTGTTGGAT-TAMRA-3	), GATA-3 (sense
deficient mice. Nature 382, 174–177.primer, 5	-AGAACCGGCCCCTTATCAA-3	; anti-sense primer, 5	-
AGTTCGCGCAGGATGTCC-3	; probe, 5	-FAM-CCAAGCGAAGGCT Kopf, M., Le Gros, G., Bachmann, M., Lamers, M.C., Bluethmann,
GTCGGCAG-TAMRA-3	), T-bet (sense primer, 5	-CAACAACCCCTT H., and Kohler, G. (1993). Disruption of the murine IL-4 gene blocks
TGCCAAAG-3	; anti-sense primer, 5	-TCCCCCAAGCAGTTGAC Th2 cytokine responses. Nature 362, 245–248.
AGT-3	; probe, 5	-FAM-CCGGGAGAACT-TGAGTCCATGTACGC-TA
Lighvani, A.A., Frucht, D.M., Jankovic, D., Yamane, H., Aliberti, J.,MRA-3	) (Grogan et al., 2001), Stat4 (sense primer, 5	-CCTG
Hissong, B.D., Nguyen, B.V., Gadina, M., Sher, A., Paul, W.E., andGGTGGACCAATCTGAA-3	; anti-sense primer, 5	-CTCGCAGGATG
O’Shea, J.J. (2001). T-bet is rapidly induced by interferon-gammaTCAGCGAA-3	; probe, 5	-FAM-AACCCTACAACAAAGGGAGACTG
in lymphoid and myeloid cells. Proc. Natl. Acad. Sci. USA 98, 15137–TCGGCTC-TAMRA-3	). Each reaction was performed concurrently
15142.on the same plate with HPRT, and the results were normalized to
Magram, J., Connaughton, S.E., Warrier, R.R., Carvajal, D.M., Wu,HPRT abundance.
C.Y., Ferrante, J., Stewart, C., Sarmiento, U., Faherty, D.A., and
Gately, M.K. (1996). IL-12-deficient mice are defective in IFN  pro-Densitometry
duction and type 1 cytokine responses. Immunity 4, 471–481.Band densities in the autoradiogram were scanned and measured
using an NIH Image (NIH). McKenzie, G.J., Emson, C.L., Bell, S.E., Anderson, S., Fallon, P.,
Zurawski, G., Murray, R., Grencis, R., and McKenzie, A.N. (1998).
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